Objective-Maintenance of cholesterol homeostasis in human macrophages is essential to prevent foam cell formation. We evaluated the relative contribution of the ABCA1 and ABCG1 transporters to cholesterol efflux from human macrophages, and of the capacity of LXR agonists to reduce foam cell formation by stimulating export of cellular cholesterol. Methods and Results-ABCG1 mRNA levels were strongly increased in acLDL-loaded THP-1 macrophages and in HMDM on stimulation with LXR agonists. However, silencing of ABCG1 expression using ABCG1-specific siRNA indicated that ABCG1 was not essential for cholesterol efflux to HDL in cholesterol-loaded human macrophages stimulated with LXR agonists. Indeed, ABCA1 was solely responsible for the stimulation of cholesterol efflux to HDL on LXR activation, as this effect was abolished in HMDM from Tangier patients. Furthermore, depletion of cellular ATP indicated that the LXR-induced export of cholesterol was an ATP-dependent transport mechanism in human macrophages. Finally, use of an anti-Cla-1 blocking antibody identified the Cla-1 receptor as a key component in cholesterol efflux to HDL from cholesterol-loaded human macrophages. Conclusion-Our data indicate that stimulation of cholesterol efflux to HDL by LXR agonists in human foam cells involves an ATP-dependent transport mechanism mediated by ABCA1 that it appears to be independent of ABCG1 expression.
I n atherosclerotic lesions, the accumulation of cellular cholesterol within macrophage "foam cells" drives lipid deposition and is a major contributor to lesion growth. It is understood that macrophages become foam cells as the result of a loss of the normal balance between cholesterol uptake (from lipoproteins) and cholesterol export. For this reason, the mechanisms by which macrophages export cellular cholesterol have been intensively investigated in recent years.
It is now generally accepted that HDL and its apolipoproteins are the major initial acceptors of excess cellular cholesterol. Members of the ABC transporter family have been identified as key, and potentially complementary, cellular participants in export of cholesterol to these acceptors. ABCA1 mediates cholesterol efflux most efficiently to lipidpoor apolipoprotein AI (apoAI), whereas ABCG1 promotes cholesterol export to lipidated particles such as HDL. In addition, the SR-BI receptor pathway can also promote cholesterol export to HDL particles.
The contributions of ABCA1 and ABCG1 to the maintenance of macrophage cholesterol homeostasis have been most convincingly demonstrated through the effects of targeted deletion of these transporters in mice. 1 In particular, the profound effects of combined deletion of both ABCA1 and ABCG1 in mouse macrophages on their accumulation of cholesterol in vivo and on their ability to export cholesterol to either apoAI or to HDL in vitro, suggests that the combined activity of both of these transporters is essential for macrophage cholesterol homeostasis. 2, 3 However, there is substantial evidence that regulation of the expression of some key genes involved in cholesterol homeostasis, as well as the signaling pathways controlling foam cell formation, differ in a species-specific manner between mouse and human. 4 -6 Such distinctions highlight the need to further explore mechanisms implicated in cholesterol homeostasis specifically in human macrophages. The contribution of human ABCA1 in cholesterol homeostasis and in HDL metabolism is already established through the identification of ABCA1 mutations in Tangier Disease. In contrast, no functional mutations of ABCG1 or Cla-1 (the human homologue of SR-BI) have yet been identified in human subjects. Polymorphisms in the Cla-1 gene are associated with plasma HDL-C and LDL-C levels and with incidence of coronary artery disease, but do not indicate a specific role for Cla-1 in macrophage lipid homeostasis. 7 Similarly, a correlation between ABCG1 expression and cholesterol efflux was reported in macrophages from patients with type 2 diabetes mellitus, although a direct causal relationship remains to be demonstrated. 8 The liver X receptors, LXRs, are nuclear receptors that act as cholesterol sensors in controlling transcription of genes involved in cholesterol homeostasis and lipid metabolism. LXR agonists have been demonstrated to delay atherosclerosis in mice 9 by stimulating reverse cholesterol transport from macrophages. Additional studies have revealed that expression of LXR in macrophages is a prerequisite for the atheroprotective effect of LXR. 10 Because ABCG1 and ABCA1 gene expression is stimulated by LXR agonists in human macrophages, 11 upregulation of macrophage ABCG1 and ABCA1 by LXR agonists may constitute an effective pharmacological approach to attenuate foam cell formation, and thereby to prevent arterial lipid accumulation and lesion progression in dyslipidemic patients.
Our present objective was to evaluate the relative contributions of ABCG1, ABCA1, and Cla-1 to cholesterol efflux from human macrophages and to determine their respective roles in the stimulatory effects of LXR agonists on cholesterol export from human macrophages. Surprisingly, we demonstrate that efflux of cholesterol from human foam cell macrophages to HDL is independent of ABCG1 expression but specifically requires expression of ABCA1. Cla-1 also contributes to cholesterol efflux to HDL from cholesterolloaded human macrophages, independently of LXR stimulation. These findings indicate that the relative contributions of the ABCA1, ABCG1, and Cla-1 pathways to cholesterol export from human macrophages differ significantly from those in mouse. Future investigations of the pharmacological modulation of cholesterol homeostasis in monocyte-macrophages must therefore be focused on appropriately humanized mouse models of atherosclerosis
Materials and Methods
Human THP-1 monocytic cells were obtained from the American Type Culture Collection (ATCC) and maintained in RPMI 1640 medium, supplemented with 10% heat-inactivated FBS, 2 mmol/L glutamine, and 100 U/mL penicillin/streptomycin at 37°C in 5% CO 2 . THP-1 were differentiated into macrophage-like cells with 50 ng/mL phorbol 12-myristate 13-acetate (PMA) for 3 days. Monocytes were isolated from the blood of individual healthy normolipidemic donors (Etablissement Français du Sang, EFS), or from a Tangier Disease (TD) patient by Ficoll gradients (Ficoll-Paque PLUS, GE Healthcare) and subsequently differentiated into human macrophages (HMDM) by adhesion on plastic Primaria plates (Falcon) over a period of 10 days of culture in RPMI 1640 medium, supplemented with 10% heat-inactivated human serum, 2 mmol/L glutamine, 100 g/mL penicillin/streptomycin, and 20 ng/mL human macrophage colony-stimulating factor (hM-CSF).
Details of radioisotopic and mass cholesterol efflux assays, Western blot analysis, RNA interference (RNAi)-mediated ABCG1 silencing using small interference (si)RNA, stable knockdown of ABCG1 in THP-1 macrophages, RNA extraction, reverse-transcription and quantitative-PCR, and statistical analyses are available in the supplemental materials (please see http://atvb.ahajournals.org).
Results

ABCG1 Is Highly Expressed in Cholesterol-Loaded Human Monocyte-Derived Macrophages on Stimulation by LXR Agonists
The capacity of natural LXR/RXR agonists (22OH-C/9cRA), synthetic LXR agonist TO901317, and 8Br-cAMP to stimulate the expression of ABCA1, ABCG1, and Cla-1 genes in human macrophages (THP-1 and HMDM) are described in detail in the supplemental materials.
We determined the impact of such LXR agonists on the expression of ABCG1 relative to that of ABCA1 and to Cla-1 in human macrophages (THP-1 and HMDM), and thus on their potential contribution to cholesterol homeostasis in macrophages and foam cells. In the basal state, levels of both ABCG1 and ABCA1 mRNA were substantially lower than those of Cla-1 in both THP-1 macrophages and HMDM (Figure 1 ), thereby indicating that the Cla-1 receptor was consistently expressed at high levels in human macrophages (THP-1 and HMDM). However, cholesterol loading of human macrophages with acLDL led to a marked increase in mRNA levels of ABCA1 (THP-1: 6.4-fold and HMDM: 4-fold, PϽ0.005) and ABCG1 (THP-1: 4.6-fold, PϽ0.005 and HMDM: 8.6-fold, PϽ0.0005), whereas those of Cla-1 were unchanged.
Stimulation of acLDL-loaded human macrophages with the natural LXR/RXR agonists (22OH-C/9cRA), or the synthetic LXR agonist TO901317, further enhanced the expression of both the ABCA1 and ABCG1 genes, with the highest amounts of mRNA observed for the ABCG1 gene. Interestingly, the addition of either 22OH-C/9cRA or TO901317 induced a 1.7-fold and 1.6-fold increase in Cla-1 mRNA levels in acLDL-loaded HMDM, respectively, but was without effect on acLDL-loaded THP-1 macrophages. Taken together, these results indicate that Cla-1 mRNA levels were more abundant than those of ABCA1 and ABCG1 in human macrophages in the basal noncholesterol loaded state. However, ABCG1 mRNA levels predominated in acLDL-loaded macrophages stimulated with LXR agonists, thereby suggesting a role of ABCG1 in maintaining cholesterol homeostasis in cholesterol-laden human macrophages.
Elevated ABCG1 Gene Expression Is Associated With Elevated Cellular Cholesterol Efflux to HDL in Human Macrophages
Because ABCG1 has been reported to mediate cholesterol efflux to HDL in mouse macrophages, one would expect that the marked elevation in ABCG1 expression in human macrophages on stimulation with LXR agonists would lead to a concomitant stimulation of cholesterol efflux to HDL.
As shown in Figure 2A , the stimulation of human macrophages by LXR agonists was accompanied by an increase of cellular [ 3 H]cholesterol efflux to HDL (22OH-C/9cRA: 1.7-fold, PϽ0.0005 and 1.8-fold, PϽ0.005; TO901317: 1.4-fold, PϽ0.0005) in both acLDL-loaded THP-1 macrophages and HMDM, respectively. However, cellular cholesterol efflux to HDL was not modulated when human macrophages were treated with 8Br-cAMP, suggesting that signaling pathways requiring cAMP do not contribute to cholesterol efflux to HDL.
Consistent with levels of ABCA1 expression observed in human macrophages (Figure 1 ), [ 3 H]cholesterol efflux to apoAI was robustly induced on stimulation with 22OH-C/ 9cRA (2.4-fold and 2-fold, PϽ0.0005) or TO901317 (2.6fold and 2.5-fold, PϽ0.0005) in THP-1 macrophages and HMDM, respectively ( Figure 2B ). Although ABCA1 mRNA levels were either unchanged or poorly elevated in the presence of 8Br-cAMP, [ 3 H]cholesterol efflux to apoAI in HMDM was enhanced by 8Br-cAMP (1.4-fold, PϽ0.0005), in all likelihood as the consequence of the phosphorylation of ABCA1 by the cAMP/PKA pathway, which may directly promote cellular cholesterol efflux. 12 In agreement with results obtained from the analysis of cholesterol efflux to either lipid-free apoAI or to HDL particles, the capacity of human macrophages to promote cellular cholesterol efflux to whole human plasma containing cholesterol acceptors (HDL, apoAI) at physiological levels was also increased on stimulation with 22OH-C/9cRA (ϩ50% and ϩ70%, PϽ0.0005) or TO901317 (ϩ30%, PϽ0.0005) in both acLDL-loaded THP-1 macrophages and HMDM, respectively ( Figure 2C ).
Cellular Cholesterol Efflux to HDL in Cholesterol-Loaded Human Macrophages Is ABCG1-Independent
To determine whether the induction of cholesterol efflux to HDL by LXR agonists results from stimulation of ABCG1 expression, and equally to determine the potential contribution of ABCG1 to mechanisms of cholesterol efflux in human macrophages, we silenced ABCG1 gene expression using siRNA specific for the human ABCG1 gene. As compared to control siRNA, siRNA targeting human ABCG1 led to a complete abolition of ABCG1 expression in nonstimulated HMDM as measured by quantification of protein levels ( Figure 3A ). In addition, silencing of ABCG1 expression (ABCG1 Knockdown [KD]) completely abolished the strong stimulation of ABCG1 expression by LXR/RXR agonists (22OH-C/9cRA) and led to a strong inhibition of ABCG1 mRNA and protein expression ( Figure 3B) . Surprisingly, specific ABCG1 kDa did not impact cholesterol efflux to HDL (Ϯ induction by LXR/RXR agonists), as assessed using both radioisotopic ( Figure 3C ) and mass ( Figure 3D ) choles- terol efflux assays, from acLDL-loaded HMDM enriched in CE (CE: 48.2Ϯ1.9% and FC: 51.8Ϯ1.9% of total mass cholesterol as measured by HPLC). In contrast, a marked reduction of cholesterol efflux to HDL (Ϫ40%, PϽ0.05) was observed from LXR-induced, cholesterol-loaded, bone marrow-derived macrophages (BMDM) from ABCG1 KO mice relative to WT BMDM ( Figure 3E ).
The absence of such an effect in human macrophages was also observed in THP-1 macrophages transiently transfected with specific siRNA targeting human ABCG1, in which ABCG1 protein expression was reduced by 90% (supplemental Figure II) . Finally, to further confirm that the silencing of ABCG1 expression in human macrophages was without effect on cholesterol efflux to HDL, several THP-1 clones stably transfected with a shRNA targeting human ABCG1 in which ABCG1 expression is stably knocked down ABCG1 SKD were compared. We chose 3 clones, in which ABCG1 protein expression was either completely undetectable (clones 1 and 3) or only barely detectable after LXR induction (clone 2; Figure 3F ). ABCA1 expression ( Figure 3F ) and cholesterol efflux to ApoAI ( Figure 3G ) was markedly and equally stimulated by LXR ligands in all 3 ABCG1-silenced THP-1 clones and in Ctrl THP-1 cells. However, and in keeping with our results in silencing ABCG1 in HMDM, cholesterol efflux to HDL was not decreased, even in the complete absence of detectable ABCG1 protein in ABCG1 SKD THP-1 macrophages ( Figure 3H ).
As the absence of ABCG1 may lead to an increase of ABCA1 protein expression in ABCG1 KO mice, 3 we explored the possibility that the knockdown of ABCG1 activity could be compensated by upregulation of ABCA1 expression in our cell systems. However, analysis of ABCA1 protein levels in ABCG1 SKD THP-1 macrophages ( Figure 3F ) and in ABCG1 KD HMDM (supplemental Figure IIIA) indicated that ABCA1 protein expression was not significantly or consistently upregulated as a result of ABCG1 knockdown.
Taken together, our data indicate that, in contrast to mouse macrophages, the deletion of the ABCG1 transporter does not detectably reduce cholesterol efflux to HDL from cholesterol-loaded human macrophages.
Stimulation of Cholesterol Efflux to HDL by LXR Agonists Requires the ABCA1 Transporter in Cholesterol-Loaded Human Macrophages
Because the LXR-mediated stimulation of cholesterol efflux to HDL in cholesterol-loaded human macrophages is independent of ABCG1 expression, we next tested the possibility that the latter results from the induction of ABCA1 expression by LXR agonists. To address this possibility, cholesterol efflux to HDL was evaluated in HMDM from a Tangier Disease (TD) patient displaying a functional homozygous mutation in the ABCA1 gene. As expected, cholesterol efflux to lipid-free apoAI was almost completely abolished in cholesterol-loaded TD HMDM as compared to control HMDM ( Figure 4A ). In addition, cholesterol efflux to HDL was lower (Ϫ25%, Figure 4B ) in TD HMDM than in control HMDM as previously observed in fibroblasts from TD patients. 13 More strikingly, incubation with LXR/RXR agonists (22OH-C/9cRA) led to a significant stimulation of cholesterol efflux to HDL in control HMDM (PϽ0.05), whereas no effect was observed in TD HMDM ( Figure 4B ). These findings clearly indicate that the induction of free cholesterol export to HDL by LXR agonists involves an ABCA1-dependent pathway in cholesterol-loaded human macrophages.
Additional experiments presented in detail in supplemental materials confirmed that the HDL preparation used in our studies did not contain species (such as lipid-free apoAI) that can directly promote cholesterol efflux via ABCA1. How- Figure 3 . Stimulation of cholesterol efflux to HDL by LXR agonists does not require the ABCG1 transporter in cholesterolloaded human macrophages. A and F, Total ABCG1 protein was assessed by Western blot analysis. B, The efficiency of the ABCG1 knockdown in HMDM was assessed by quantification of mRNA and protein levels. ABCG1 mRNA was normalized to housekeeping genes (␦-aminolevulinate synthase and human ␣-tubulin) and ABCG1 protein to matching ␤-actin levels. Mass (D) and radioisotopic cholesterol efflux to HDL (C, E, and H) or lipid-free ApoAI (G) was assayed in cholesterol-loaded macrophages either in HMDM transiently transfected with control siRNA (Ctrl); or siRNA targeting ABCG1 (ABCG1 kDa; C and D); or THP-1 stably transfected with shRNA targeting human ABCG1 (ABCG1 SKD; G and H), or alternatively in TO901317stimulated WT and ABCG1 KO BMDM (E). Values are meansϮSD. *PϽ0.05 compared to control cells.
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Requirement of Cellular ATP for Cholesterol Export in Cholesterol-Loaded Human Macrophages on Stimulation With LXR Agonists
To determine whether the ABCA1-dependent and -independent mechanisms of cholesterol efflux necessitate energy in cholesterol-loaded human macrophages, THP-1 macrophages and HMDM were depleted in ATP (see Materials and Methods) and cholesterol efflux was then evaluated. Reduction of intracellular ATP (Ϸ80%, data not shown) caused a profound alteration in ABCA1-mediated cholesterol efflux to apoAI in acLDL-loaded human macrophages (Figure 5A , THP-1: Ϫ48%, PϽ0.0005 and HMDM: Ϫ37%, PϽ0.005), clearly indicating that ABCA1 requires ATP for the export of free cholesterol from human macrophages to apoAI. By contrast, cellular cholesterol efflux to HDL particles was not affected by the depletion of cellular ATP in both THP-1 macrophages and HMDM ( Figure 5B ). However, in human macrophages stimulated by LXR/RXR agonists (22OH-C/9cRA), free cholesterol efflux to HDL was diminished by 21% in response to reduction in intracellular ATP levels; such reduction corresponded to a 46% to 49% decrement in the stimulatory effect of LXR agonists in THP-1 macrophages (PϽ0.05) and HMDM (PϽ0.005), respectively.
These data provide evidence that stimulation of cholesterol efflux to HDL by LXR agonists in cholesterol-loaded human macrophages necessitates intracellular ATP for generation of the necessary energy, whereas no energy is required under basal conditions. Additional experiments presented in detail in supplemental materials indicated that the Cla-1 receptor contributes to cholesterol efflux to HDL from human macrophages under basal conditions. Furthermore, these findings support a role for ABC transporters such as ABCA1 in mediating free cholesterol efflux to HDL in LXR-stimulated cholesterol-loaded human macrophages.
Discussion
The LXR transcription factors regulate expression of numerous genes involved in cholesterol absorption, in the degradation of cholesterol to bile acids, and in reverse cholesterol transport. Activation of LXRs enhances cholesterol export from lipid-loaded macrophages and blocks cholesterol absorption in intestinal cells, thereby suggesting that LXR expression is likely to be antiatherogenic. This hypothesis is supported by several studies using mice, genetically-deficient in LXR expression, and equally by activation of LXR in mice, using synthetic LXR agonists, in which the development of atherosclerosis is attenuated. 9, 10 In the present study, we have confirmed previous reports that expression of both ABCA1 and ABCG1 are strongly induced in human macrophages on LXR/RXR activation by both natural and synthetic LXR agonists. 11 LXR agonists increased the expression of ABCA1 and ABCG1 significantly above levels induced by cholesterol loading. The induction of ABCG1 was particularly striking, with mRNA levels elevated 2-to 3-fold more than those of ABCA1 and Cla-1 in LXR-stimulated cholesterol-loaded macrophages, thereby reinforcing the hypothesis that ABCG1 represents a preferential target of LXR ligands in foam cells. In addition to the marked induction of ABCA1 and ABCG1 mRNA levels, we observed that expression of the Cla-1 receptor was induced 2-fold on stimulation with 22OH-C/9cRA, leading us to suggest that Cla-1 may also be a target for LXR-mediated upregulation in human macrophages. Several lines of evidence suggest that the expression of Cla-1 may be regulated by cholesterol loading in human macrophages. In agreement with our observation, Crestani et al reported that the expression of Cla-1 was induced by LXR in human macrophages. 14 However, cellular cholesterol loading, as well as treatment of 6-day old human macrophages with 25-hydroxy-cholesterol, has been reported to decrease Cla-1 expression by others. 15 Taken together with the observation that Cla-1 expression was upregulated by SREBP-2, 16 these results clearly indicate that Cla-1 expression is regulated by the cholesterol content of human macrophages. Nevertheless, the degree of cholesterol loading as well as the nature of oxysterol species may differentially modulate Cla-1 expression.
In cholesterol-loaded human macrophages, LXR-mediated stimulation of ABCA1 and ABCG1 gene expression was accompanied by enhanced cholesterol efflux to both apoAI and HDL. The increased efflux to apoAI was roughly proportional to the LXR-induced changes in ABCA1 expression, consistent with the central role of ABCA1 in cholesterol export to this acceptor. In comparison, the increased efflux to HDL in response to LXR treatment was rather modest (1.4-to 2-fold) and much less than the matching increments in ABCG1 mRNA and protein. This finding suggested that the marked increase in ABCG1 expression on LXR treatment of cholesterol-loaded HMDM might not contribute proportionately to the enhanced cholesterol efflux to HDL induced by LXR agonists. In further agreement with this observation, silencing of ABCG1 expression in cholesterol-loaded human macrophages (both HMDM and THP-1) had no impact on cholesterol efflux from these cells to HDL. In contrast, the recent findings of Jakobsson et al 17 indicate that LXRdependent stimulation of cholesterol efflux to HDL from THP-1 macrophages results from the specific GPS2-mediated recruitment of LXR to the ABCG1 promoter/enhancer, as silencing of GPS2 ablated the effects of LXR on both ABCG1 expression and cholesterol efflux. However, this hypothesis was not tested directly by silencing ABCG1 expression. As our data clearly show that the suppression of ABCG1 expression in both THP-1 and primary human macrophages, either transiently or by stable knockdown, is without effect on LXR-stimulated cholesterol efflux, then GSP2/LXR-dependent cholesterol efflux must be independent of ABCG1 expression and presumably linked to one of the plethora of other biological activities involving GPS2. In agreement with our observations, Delvecchio et al 18 recently reported that stimulation of cholesterol efflux to HDL by LXR agonists from human airway smooth muscle cells exclusively requires ABCA1 but not ABCG1. This result is in direct contrast with the situation in mouse macrophages, where deletion of ABCG1 significantly reduces cholesterol efflux from cells as we (this study and 2 ) and others have previously reported. 3, 19 Discrepancies between the importance of ABCG1-dependent efflux from cholesterol-loaded mouse and human macrophages might reflect differences in the respective rates of transport of cholesterol between ABCG1-accessible and ABCG1-inaccessible subcellular locations. We also cannot completely exclude the possibility that the very low residual levels of ABCG1 in the various silenced human macrophages used in this study are still sufficient to contribute to HDL-mediated cholesterol efflux.
An alternative explanation is that the lack of any effect of ABCG1 knockdown on cholesterol export to HDL from cholesterol-loaded cells indicates that alternative pathways may largely contribute to this process. Our data indicate that cholesterol efflux to HDL from LXR-stimulated human macrophages requires intracellular ATP. ABCA1 has previously been shown to possess functional ATPase activity when reconstituted in liposomes, 20 while mutations in the Walker domain A (nucleotide-binding domain) of ABCA1-impaired cholesterol efflux to apoAI without altering expression or trafficking of the ABCA1 protein. 21 In our system, ABCA1mediated cholesterol export to apoAI from HMDM was greatly reduced in response to depletion in cellular ATP. Taken together, these observations suggest that ABCA1 possesses functional ATPase activity and that this activity is required for cholesterol efflux to apoA1 from human macrophages.
We therefore considered the possibility that ABCA1 also contributes to the ATP-dependent efflux of cholesterol to HDL. This notion was supported by experiments in which the normal stimulation of cholesterol efflux to HDL by LXR was completely ablated in HMDM from a subject with Tangier Disease, an observation consistent with our recent findings that cholesterol efflux to HDL from ABCA1-null mouse macrophages is greatly reduced. 2 HDL is generally a poor acceptor for ABCA1-mediated cholesterol efflux, and in the present study we showed directly that the HDL preparation used did not support ABCA1-dependent cholesterol export. However it is possible that macrophages may have the capacity to remodel HDL, which may subsequently shed pre-␤ particles, the latter being more avid acceptors for cholesterol effluxed from ABCA1 than HDL. Such remodeling of HDL particles may depend directly on ABCA1 activity or, more likely, may reflect the activity of macrophage surface or secreted proteins, such as PLTP. 22, 23 Therefore it is possible that the increment in cholesterol efflux to HDL seen from both control and ABCG1-silenced HMDM and THP-1 macrophages may reflect ABCA1-dependent export to acceptors generated from HDL.
The Cla-1 receptor is robustly expressed in fully differentiated human macrophages (THP-1 and HMDM), and on the basis of the inhibitory effect of a receptor-blocking antibody appears to contribute to the elimination of free cholesterol from cholesterol-loaded human macrophages. This hypothesis is consistent with our observation that depletion in cellular ATP did not alter cholesterol efflux to HDL in the absence of LXR induction, and favors a transport mechanism for which energy is not required. The generation of cell lines stably transfected with SR-BI/Cla-1 identified the ability of this receptor to promote cholesterol efflux to large cholesteryl ester-rich HDL particles. 24 However its role in mediating cholesterol efflux from mouse macrophages is controversial, 25, 26 and studies of its role in HMDM are lacking. A role for macrophage Cla-1 in cholesterol efflux to HDL is consistent with previous studies indicating that Cla-1 is expressed in human atherosclerotic lesion macrophages. 27 Cholesterol efflux to HDL from cholesterol-loaded human macrophages therefore appears to be at least partially mediated by a transport mechanism that does not necessitate energy, thus excluding the ATP-dependent transporters of the ABC family. Although we presently demonstrate that the Cla-1 receptor is implicated in this mechanism, our findings likely suggest that cholesterol efflux to HDL in human macrophages equally involves receptors/transporters, as distinct from ABC transporters, which have not been identified to date.
Accumulation of cholesterol in macrophages leads to foam cell formation, a critical step in the early stages of atherosclerosis. The present work provides new information on the mechanisms controlling cholesterol homeostasis in human macrophages, notably by the characterization of the respective contribution of Cla-1, ABCA1, and ABCG1 in the removal of free cholesterol to HDL. Indeed, our findings indicate that Cla-1 is involved in the elimination of the excess of free cholesterol in cholesterol-loaded human macrophages in a transport mechanism that does not necessitate energy. However in foam cells stimulated with LXR agonists, in which cholesterol efflux to HDL occurs by an ATPdependent transport mechanism, we demonstrated that ABCA1 is solely responsible for enhanced cholesterol efflux. Further studies are therefore needed not only to determine the role of ABCG1 in human macrophage biology but also in lipid metabolism in humans.
